Motor tics are involuntary brief muscle contractions that interfere with ongoing behavior and appear as a symptom in several human disorders. While the pathophysiology of tics is still largely unknown, multiple lines of evidence suggest the involvement of the corticobasal ganglia loop in tic disorders. We administered local microinjections of bicuculline into the putamen of Macaca fascicularis monkeys to induce motor tics, while simultaneously recording neuronal activity from the primary motor cortex, putamen, and globus pallidus. These data were used to explore the spatial and temporal properties of tic-related neuronal activity within the cortico-basal ganglia system. In the putamen, tics were associated with brief bursts of activity of phasically active neurons (presumably the projection neurons) and complex excitation-inhibition patterns of tonically active neurons. Tic-related activity within the putamen was spatially focused and somatotopically organized. In the globus pallidus, tic-related activity was diffusely distributed throughout the motor territory. Ticrelated activity in the putamen usually preceded the tic-related activations in the cortex, but in the globus pallidus, tic-related activity was mostly later than the cortex. These findings shed new light on the role of the different basal ganglia nuclei in the generation of motor tics. Despite the early and somatotopically focused nature of tic-related activity in the input stage of the basal ganglia, tic-related activity in the output nucleus is temporally late and diffusely distributed, making it incompatible with a role in tic initiation. Instead, abnormal basal ganglia activity may serve to modulate motor patterns or activate learning mechanisms, thus augmenting further tic expression.
Introduction
Motor tics are repetitive, involuntary brief muscle contractions that interfere with ongoing behavior and appear as a symptom in multiple disorders (de la Tourette, 1885; Caviness and Brown, 2004) . While the pathophysiology leading to tic expression is still largely unknown, multiple lines of evidence suggest the involvement of the cortico-basal ganglia (CBG) loop in tic disorders (Singer and Minzer, 2003; Abelson et al., 2005; Kalanithi et al., 2005; Baym et al., 2008) . Specifically, structural and functional imaging studies have found abnormalities in the striatum (Singer and Minzer, 2003) , which is the main input structure of the basal ganglia (BG). The direct involvement of the striatum in tics is further supported by findings that disruption of striatal information transmission by localized application of a GABA A antagonist induces motor tics (Tarsy et al., 1978; Crossman et al., 1988; McCairn et al., 2009; Worbe et al., 2009) .
The striatum receives most of its input from cortical and thalamic excitatory glutamatergic projections (Kemp and Powell, 1971; Wilson et al., 1983) . The principal type of neuron in the striatum is the GABAergic projection neuron (Kemp and Powell, 1971; Graveland et al., 1985) . These neurons, dubbed medium spiny neurons (MSNs), present a characteristic low-frequency bursting (phasic) firing pattern (Wilson and Groves, 1981) . The striatum also includes tonically active neurons (TANs), a type of cholinergic interneurons firing at a low-frequency Poissonian rate (Bolam et al., 1984; Wilson et al., 1990) , and several types of GABAergic interneurons that modulate MSN activity (Tepper et al., 2004) . The putamen is the part of the striatum that primarily receives somatotopically organized inputs from motor cortical areas (Alexander and DeLong, 1985; Parent, 1990; Hoover and Strick, 1999; Haber et al., 2000) . The putamen projects mainly to the globus pallidus external and internal segments (GPe and GPi, respectively), while generally preserving the somatotopic organization Alexander and Crutcher, 1990) .
Theoretical models have viewed motor tics as a disruption of the CBG action selection process (Mink, 1996 (Mink, , 2001 ). The hypothesis is that tics are generated by an abnormal focal disinhibition of striatal neurons, causing the inhibition of a subset of neurons in the BG output nucleus (the GPi), which in turn disinhibits a group of thalamic neurons and their cortical targets, thus releasing an undesirable motor pattern-a tic. Thus, abnormal tic-related activity in the BG nuclei should occur well before the onset of the tic itself and the cortical tic-related activation.
We used local microinjections of the GABA A antagonist bicuculline in the dorsolateral putamen to induce motor tics in nonhuman primates. We previously reported that tics were associated with marked phasic firing rate excitations in the motor cortex and the GPe and with phasic inhibitions in the GPi (Mc-Cairn et al., 2009) . In this study, we sought to explore the properties of tic-related activity along the CBG to understand its role in tics generation and expression. We characterize the spatial distribution of tic-related activity in the different CBG nuclei and the temporal relations of tic-related activity among them.
Materials and Methods
Animals. Two Macaca fascicularis monkeys (monkeys I and G; males; weight, 5-7 kg) were used in this study. The monkeys' health was monitored by a veterinarian, and their fluid consumption, diet, and weight were monitored daily. All procedures were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (1996) and Bar-Ilan University guidelines for the Use and Care of Laboratory Animals in Research. The experiments were approved and supervised by the Institutional Animal Care and Use Committee.
Surgical procedure. The surgical procedures for cranial implantation are described in detail in previous work from our lab . Briefly, two square cilux chambers (27 ϫ 27 mm; Alpha-Omega Engineering) were implanted stereotaxically to allow bilateral access to the motor cortex and all the BG nuclei using a coronal approach. The recording chambers were tilted at 35°in the coronal plane with their centers targeted to the center of the GPi (stereotactic coordinates: A13, L8, and H3) (Szabo and Cowan, 1984) .
Experimental setup, electrophysiological recordings, and microinjections. The experimental design was the same as previously described . Briefly, animals were trained to sit in a primate chair with their head and the hand ipsilateral to the injected hemisphere immobilized. The animal's behavior was continuously monitored by multichannel high-speed video cameras (25 frames/s for monkey I; 50 frames/s for monkey G) and electromyogram (EMG) recordings. EMG wires (60 m Teflon-coated silver wire) were inserted percutaneously immediately before each experimental session into the biceps, triceps, and ventral orbicularis oris in monkey I, and the zygomaticus major in monkeys I and G. Exact timing of tic onset was identified offline using rectification of the EMG signal and a threshold-crossing detection method. Frame-byframe video analysis was used to characterize the motor tics and overall behavior of the animals, and was aligned to the EMG tic-detection to exclude nonrelevant muscular activity.
Before recording sessions, each animal underwent microelectrodeguided mapping of the motor cortex, putamen, GPe, and GPi. The GABA A antagonist bicuculline was dissolved in physiological saline (15 g/l) and injected via a stainless steel cannula into the dorsolateral putamen. During each experimental session, up to 11 independently moveable glass-coated tungsten microelectrodes (impedance, 250 -750 K⍀ at 1 kHz) were used to simultaneously record neuronal activity from the primary motor cortex (M1), GPe, GPi (both monkeys), and putamen (monkey G). Throughout each recording session, the animal's behavior was carefully monitored for at least 20 min before injection and 80 -170 min (mean, 117 min) after injection.
Analysis of neuronal activity. Action potentials of individual neurons were sorted offline (OfflineSorter V2.8.7; Plexon), enabling high-fidelity neuronal identification. All further analyses were performed using the offline sorted spike trains with custom-written MATLAB code (MATLAB 2007B; MathWorks) . All measures in the Results section, below, are described as mean Ϯ SEM unless stated otherwise.
Time stamps of tic onset obtained from the EMG activity were used to construct peri-tic time histograms (PTTH) of the recorded neurons. For each neuron, the peri-tic raster was constructed, taking the spikes that occurred within Ϯ1 s of tic-onset time, and the PTTH was calculated in 1 ms bins and smoothed with a Gaussian window with a SD of 2 ms. Significance testing of the PTTH was determined by constructing confidence limits (p Ͻ 0.01) based on the mean and SD of the tail of the PTTH (the PTTH segment starting at 1 s and ending at 0.2 s before tic-onset time). A change in the PTTH was considered significant if it crossed this confidence limit for at least three consecutive bins; the time of the first significant bin was considered as the onset time of the tic-related rate modulation. A potential bias of this method and other change-point detection methods is their dependence on the SD of the baseline neuronal activity, which is dependent on the baseline firing rate. Thus, neurons with higher baseline firing rates might be biased toward later detections of onset times of significant rate modulations compared with neurons with lower baseline firing rates. We used simulated PTTHs to estimate the potential error in detection of rate modulation onset time related to the baseline firing rate and found that it did not significantly influence the results in our dataset (for details about additional detection methods and these simulations and analyses, see Notes).
Histology. Following completion of the experimental sessions, animals were anesthetized using 10 mg/kg ketamine and stereotactic marking I ; squares, monkey G), marked by the postinjection behavioral effects (black, motor tics; white, no effect). Outline drawings are reconstructed from the coronal sections of the right hemisphere of monkey G, and the injection sites from both animals are overlaid on the same outlines. The anterior-posterior levels of the sections are presented as distances (millimeters) from the AC. Pu, Putamen. microlesions (DC current, 60 A for 30 s) were made. The lesions were targeted to dorsal white matter areas at the anatomical plane that was derived from electrophysiological mapping to be consistent with the position of the anterior commissure (AC) ). The animals were then deeply anesthetized using 50 mg/kg sodium pentobarbital and transcardially perfused with 1 L of physiological saline, followed by 1 L of 4% paraformaldehyde. The whole brain was removed and buffered in graded 10 -30% sucrose solution over 7 d. The brain was then frozen at Ϫ25°C and cut in the coronal plane using a cryostat (Leica Microsystems). Each section was digitized using a 10 MPixel digital camera. Sections of interest were mounted onto glass slides and Nissl stained. Contours of brain structures were traced using the digitized images and the position of each injection site was plotted on coronal planes, taking AC0 as the origin of the anterior-posterior axis.
Results
A total of 14 bicuculline microinjections (Table 1) were administered, targeting the dorsal putamen in two monkeys. The majority of injections (10 of 14, 71%) resulted in the appearance of motor tics (5 of 7 injections in each monkey). The injection sites were localized using microlesion markings and electrophysiological mapping, and were overlaid on the postmortem anatomical reconstruction of the left hemisphere of monkey G (Fig. 1) . The injection sites were all within the dorsal half of the putamen, spanning the anterior-posterior planes ACϪ1 to ACϪ4 (Fig. 1) .
The tic-inducing injections did not differ in their localization from the non-tic-inducting injections.
Behavioral effects
Behavioral effects were similar to those previously described by our group . Motor tics typically presented as focal, sudden, brief jerk-like movements, which were easily detectable both in video recordings and EMG activity. All ticinducing microinjections led to prominent tics in orofacial areas, manifesting as brief retractions of the upper or lower lip (or both) and involving only the side of the face contralateral to the injection (Table 1 ). In some cases (5 of 10 injections) orofacial tics appeared simultaneously with tics in the upper limb, presenting either as a small jerk of the shoulder, a small retraction of the wrist/palm, or, in one case, a rotation of the wrist (Table 1) .
Tic-related neuronal activity
The neurons recorded from the putamen were classified into phasically active neurons (PANs, which are putatively the projection neurons) and TANs (which are putatively the cholinergic interneurons) (Inokawa et al., 2010) based on their firing patterns and shapes of the extracellular action potential (Fig. 2 A, D) . Seventy PANs and 12 TANs were recorded during the expression of bicuculline-induced motor tics in monkey G. Twenty-six of 70 PANs (37%) displayed significant phasic firing rate modulations around tic -onset time. The PANs tic-related activity was always a brief burst of activity around tic onset with little or no activity between tics (Fig. 2 A-C) . Six of 12 TANs (50%) displayed signif- icant phasic firing rate modulations around tic onset. TANs tic-related activity was complex, including both an increase and an inhibition of firing around tic onset ( Fig. 2 D-F Fig. 2G-I ). The different types of observed tic-related activities of high-frequency GPe and GPi neurons were described in detail in our previous work ) and were consistent for both monkeys used in the current study. Both GPe and GPi highfrequency neurons exhibited phasic ticrelated increases and decreases in firing rate, either alone or as part of a multiphasic response ). Overall, tic-related rate increases were detected in 56 of 71 (78%) of the GPe neurons and 51 of 79 (64%) of the GPi neurons, and tic-related rate decreases were detected in 36 of 71 (50%) of the GPe neurons and 66 of 79 (84%) of the GPi neurons. Thus, tic-related excitations were the more common GPe response ( 2 goodness of fit test, 2 (1) ϭ 12.04, p Ͻ 0.01), whereas ticrelated inhibitions were more common within the GPi ( 2 goodness of fit test,
2
(1) ϭ 7. 41, p Ͻ 0.01).
Spatial properties of tic-related activity
Analysis of the location of neurons recorded from the putamen during the expression of motor tics revealed a clear spatial organization of tic-related activity.
Neurons expressing tic-related activity were found in more ventromedial parts of the putamen along the recording electrode trajectories, while neurons recorded in dorsolateral areas showed no tic-related activity (Fig. 3A) . This spatial organization was consistent for both PANs (mean distance from putamen dorsolateral border: tic-related, 2.96 Ϯ 0.09 mm; ticunrelated, 1.15 Ϯ 0.15 mm; Student's t test, p Ͻ 0.001) and TANs (mean distance from putamen dorsolateral border: tic-related, 2.6 Ϯ 0.34 mm; tic-unrelated, 1.3 Ϯ 0.29 mm; Student's t test, p Ͻ 0.05) (Fig. 3B) .
There was no significant difference in the spatial distribution of tic-related relative to -unrelated PANs and TANs along the anterior-posterior axis of the putamen at the recorded AC levels (Mann-Whitney U test, p Ͼ 0.05). Tic-related activity in both the GPe and GPi was diffusely distributed throughout each nucleus (Fig. 4 A, B) . There was no difference along the dorsolateral-ventromedial trajectory between the distribution of tic-related relative to -unrelated GPe neurons (mean distance from GPe dorsolateral border: ticrelated, 0.8 Ϯ 0.05 mm; tic-unrelatedm 0.69 Ϯ 0.09 mm; Student's t test, p Ͼ 0.05) or GPi neurons (mean distance from GPi dorsolateral border: tic-related, 1.58 Ϯ 0.11 mm; tic-unrelated, 1.59 Ϯ 0.14 mm; Student's t test, p Ͼ 0.05) (Fig. 4C) . However, there was an uneven spatial distribution of tic-related relative to -unrelated GPi neurons along the anterior-posterior axis, with tic-related activity more common in posterior parts of the GPi (Mann-Whitney U test, p Ͻ 0.001). The difference for the anterior-posterior distribution in the GPe only approached significance, which can probably be attributed to the small number of neurons recorded from anterior parts (Mann-Whitney U test, p ϭ 0.058).
Temporal properties of tic-related activity
To estimate the temporal dynamics of tic-related activity throughout the CBG system, we compared the earliest significant tic-related firing rate modulation in pairs of neurons recorded simultaneously from the different CBG nuclei. This type of analysis helped overcome between-session variations in the EMGderived identification of tic-onset time, since it was based on the temporal difference in response time between different nuclei and not on the absolute timing of the response (which is susceptible to tic-identification errors). In all subsequent pairwise temporal analyses (see below), the timing of the earliest tic-related activity was estimated from the PTTH of each neuron calculated only for tics that occurred during the overlap period between the two neurons.
Twenty-two pairs of simultaneously recorded PAN and M1 neurons were used in this analysis. In 16 of 22 (73%) pairs, the tic-related activation in the PAN was earlier than the tic-related activation in the cortical neuron (Fig. 5, circles) . The average time difference between the timing of tic-related cortical and PAN activations (calculated as time M1 Ϫ time PAN ) was 16.05 Ϯ 6.3 ms. The dominance of early striatal tic-related activation was maintained after we divided the pairs based on the timing of the cortical activation. For all pairs in which the tic-related activation of the cortical neuron was after tic-onset time (6 of 6 pairs), the tic-related activation in the PAN was earlier than the activation in the M1 neuron (Fig. 5, open circles) . In the majority of pairs in which the cortical activity was before tic onset time (10 of 16, 62%), the PAN tic-related activity was earlier than the M1 neuron (Fig. 5, filled circles) .
The TAN-M1 pairs revealed the opposite temporal pattern: for all nine TAN-M1 pairs, the tic-related activity of the TAN was later than the tic-related activation of the cortical neuron (Fig. 5,  triangles) . The average time difference between the timing of tic-related cortical and TAN activations (calculated as time M1 Ϫ time TAN ) was Ϫ38.6 Ϯ 4.9 ms.
Sixty-one pairs of simultaneously recorded M1 and GPe HFP neurons were used in this analysis. Overall, for 43 of 61 (70%) of the pairs, the tic-related neuronal activity in M1 was earlier than the tic-related activity in the GPe (Fig. 6 A) . However, this temporal pattern was dependent on the timing of the cortical activity. When the cortical activation was before tic-onset time, it almost always (39 of 40 pairs, 97.5%) preceded the GPe tic-related activity (Fig. 6 A, filled circles) . In contrast, when the cortical activation was later than tic-onset time, it was mostly (17 of 21 pairs, 81%) later than the GPe tic-related activity (Fig. 6 A, open cir- Figure 5 . Temporal relations between tic-related activity in the putamen and M1. Timing of the earliest tic-related activity in pairs of simultaneously recorded neurons from M1 and the putamen. The x-and y-axes are the timing of the earliest tic-related activity in the neurons recorded from M1 and the putamen in each pair, respectively. The timing is given as the offset (s) from tic-onset time. The dashed line is the equality line: equal offsets for neurons in M1 and the putamen. The area above the equality line includes pairs in which tic-related activity of the M1 neuron preceded the activity in the putamen, and the area below the line includes pairs in which M1 tic-related activity was later than the putamen. Circles and triangles indicate pairs in which the putamen neuron was a PAN or TAN, respectively. Filled and open icons indicate pairs in which the tic-related activity of the cortical neuron was before or after tic-onset time, respectively. cles). The average time difference between the timing of tic-related cortical and GPe activities (calculated as time M1 -time GPe ) was Ϫ35.5 Ϯ 3 ms for pairs with pre-tic cortical activation, compared with 27.4 Ϯ 9.1 ms for pairs with post-tic cortical activation (Student's t test, p Ͻ 0.001) (Fig.  6 B) .
Ninety-eight pairs of simultaneously recorded M1 and GPi neurons were used in this analysis and showed a similar temporal distribution to that of the GPe. In 59 of 67 (88%) of the GPi-M1 pairs in which the cortical activation preceded the tics, the cortex also preceded the GPi ticrelated activity (Fig. 6C, filled circles) . Notably, even for the few pairs in this group with early GPi tic-related activity (8 of 67 pairs, 12%), the GPi neurons preceded the cortex only by a few milliseconds (6.5 Ϯ 1.4 ms). For the 22 of 31 M1-GPi pairs (71%) in which the cortical activation was later than tic-onset time, the cortex was also later than the GPi tic-related activity (Fig. 6C, open circles) . The average difference between the timing of M1 and GPi tic-related activities (calculated as time M1 Ϫ time GPi ) was Ϫ33.9 Ϯ 3.1 ms for pairs with pre-tic cortical activation, compared with 20.5 Ϯ 7.7 ms for pairs with post-tic cortical activation (Student's t test, p Ͻ 0.001) (Fig. 6 D) . There was no significant difference between the time differences of tic-related activity for GPe-M1 pairs compared with GPi-M1 pairs, regardless of the timing of the cortical activation.
Ninety-two pairs of tic-related high-frequency GPe and GPi neurons were used in this analysis. The tic-related activity for most of individual pallidal neurons comprising these pairs was later than the tic-onset time [37 of 42 (88%) GPe neurons, 34 of 41 (83%) GPi neurons]. The average time difference between the timing of tic-related GPe and GPi activities (calculated as time GPe Ϫ time GPi ) was significantly larger than zero (mean time difference, 8 Ϯ 3.4 ms; Student's t test, p Ͻ 0.05), which implies that, overall, the GPi tic-related activity tended to be earlier than the GPe (Fig. 7A) . Although some GPe neurons responded to the tics before the GPi, an early GPi response was more common in our population of GPe-GPi pairs: the GPi response was earlier than the GPe in 60 of 92 (65%) of the pairs ( 2 goodness of fit test, 2
(1) ϭ 8.5; p Ͻ 0.01) (Fig. 7B ).
Discussion
In this study, we explored the spatial and temporal dynamics of tic-related neuronal activity along the CBG in the nonhuman primate model of motor tics. Phasic tic-related activity modulations were found in all recorded nuclei, with each area displaying unique spatial and temporal distributions of the tic-related signal. Tic-related activity was spatially confined in the ventromedial part of the putamen, but was widely distributed within the GPe and GPi. In the temporal domain, we found that while ticrelated activity in the putamen PANs preceded M1 tic-related activity, the onset of tic-related activity in the GPe and GPi was later than the cortex.
Tic-related neuronal activity patterns
Tic-related PANs activity was generally similar to the characteristic movement-related bursts of MSNs observed in normal animals (Liles, 1985) . However, MSNs in the normal primate are highly selective to different movement parameters such as direction, load, and velocity (Crutcher and DeLong, 1984b; Liles, 1985) , whereas in our study, all tic-related PANs showed a similar response to the same brief stereotypic tic movements. This suggests that tics may be associated with altered specificity of the MSNs. Similar alteration of neuronal specificity appears in other CBG-related disorders such as Parkinson's disease and dystonia (Filion et al., 1988; Macia et al., 2002) . The tic-related activity patterns observed in TANs were also similar to the response patterns of these neurons to preferred events in the normal primate (Kimura et al., 1984) . TANs activity was previously shown to be related primarily to cues and outcomes of behaviors, making them a part of the learning and reward system (Kimura et al., 1984; Graybiel et al., 1994; Joshua et al., 2008) . The TANs ticrelated activity implies the involvement of learning mechanisms and suggests that some of the tic-related activity in the BG may serve to reinforce further tic expression. MSNs from the putamen send inhibitory projections to both segments of the globus pallidus (Szabo, 1967) . Thus, tic-related MSN excitation would be expected to induce phasic inhibitions in these structures. However, the pallidal tic-related activity was composed of both increases and decreases in firing rate, with excitation as the predominant tic response in the GPe and inhibition in the GPi . Previous studies in the normal primate have reported that movement-related excitations are more common than inhibitions in both GPe and GPi (Mitchell et al., 1987; Mink and Thach, 1991b; Turner and Anderson, 1997) . The shifted excitation-inhibitions balance in the BG output (GPi) during tics may imply an abnormal change in the flow of information through the BG. Future studies should explore tic-related activity in the subthalamic nucleus, which is the only direct source of excitatory input to the pallidum (Nambu et al., 2000) , to uncover the source and the behavioral significance of this neurophysiological imbalance.
Spatial distribution of tic-related activity
Information flows through the CBG in multiple motor, limbic, and associative loops defined by the cortical origins of the BG input (Alexander et al., 1986; Haber et al., 2000) . The motor territory encompasses the putamen and large posterior ventrolateral portions of the GPe and GPi (Smith and Parent, 1986; Hedreen and DeLong, 1991; Inase et al., 1996) . The motor territory is further subdivided somatotopically to regions specifically related to movements either of the legs, arms, or face (Crutcher and , 1984a; DeLong et al., 1985; Flaherty and Graybiel, 1991) .
DeLong
We targeted our recordings to the motor territory of the CBG system, which may explain the relatively high prevalence of ticrelated neurons. Within the putamen, we observed a discrepancy between the location of the bicuculline microinjections (dorsolateral putamen) and the location of neurons displaying phasic tic-related activity (ventromedial putamen). The localization of putamen tic-related activity may be attributed to the fact that tics always appeared in orofacial muscles, which are somatotopically represented at its ventromedial parts (DeLong, 1971; Crutcher and DeLong, 1984a; Flaherty and Graybiel, 1991) . However, the lack of phasic tic-related activations in neurons recorded closer to the bicuculline injection sites does not rule out the possibility that bicuculline induced other changes in the activity of these neurons. Tonic changes may be hard to reliably detect in behaving animals since MSNs are only briefly active in response to a preferred motor pattern and mostly quiescent the rest of the time (Crutcher and DeLong, 1984b; Liles, 1985) . However, some studies suggest that bicuculline microinjections may exert changes on the tonic activity and excitability of striatal neurons (Nisenbaum and Berger, 1992; Worbe et al., 2009 ). This implies that the focal striatal tic-related signal may actually appear in the background of more global changes in the activity of the striatal network (Tepper et al., 2004; Kalanithi et al., 2005; Aliane et al., 2011) . It also suggests that the tic-inducing process is more complex than a simple local striatal disinhibition leading to a motor tic (Mink, 2001) , as the neurons affected directly by the bicuculline were not the neurons displaying tic-related disinhibition. Rather, many of the affected neurons are located further from the injection site, potentially reflecting a form of intrastriatal network-level activation. The form and function of the internal striatal inhibitory network propagating this activity are still a matter of ongoing research (Tepper et al., 2004; Wilson, 2007; Humphries et al., 2010) .
In contrast to the putamen, neurons whose activity was related to the orofacial motor tics were diffusely located within GPe and GPi, including areas that were previously shown to encode movements of the limbs Mink and Thach, 1991a; Turner and Anderson, 1997) . However, pallidal ticrelated activity showed an anterior to posterior gradient that reflects the segregation to functional territories. The posterior parts of the GPe and GPi, in which we found a high prevalence of tic-related neurons, are part of the motor loop and receive massive innervations from the motor putamen. The more anterior pallidal sections, in which tic-related activity was less common, are preferentially innervated by projections from associative areas (François et al., 1994 (François et al., , 2004 . The somatotopically diffused organization of pallidal tic-related activity suggests that the pallidal signal is not directly related to activation or selection of the particular muscle in which the tics appear. Rather, studies on pallidal responses to normal movements indicate they may serve two other roles: either kinematic modulation of performed movements and/or facilitation of learning and shaping of new behaviors (for review, see Turner and Desmurget, 2010) . Thus, the role of the pallidal tic-related signal may be interpreted as either an abnormal gain signal of the movement (the tic) or a maladaptive learning mechanism that further augments the expression of these aberrant movements. Recent reports of amelioration of tics in patients suffering from Tourette syndrome following implementation of deep brain stimulating electrodes in the GPi (Diederich et al., 2005; Houeto et al., 2005) further point to the importance of the pallidal signal in the pathological ticinducing mechanism.
Temporal distribution of tic-related activity
The BG's reciprocal connections with the cortex are sometimes depicted as performing an action selection process by which they instruct the cortex which action to initiate while inhibiting competing actions (Mink, 1996; Redgrave et al., 1999) . One implication of this theory is that movement-initiating BG signals should occur well before the activation of the muscles related to the initiated movement. While some studies have previously found evidence for movement-related BG activity several hundred milliseconds before movement onset and even before the earliest EMG activity (Georgopoulos et al., 1983; Jaeger et al., 1995) , the majority report that BG premovement activity is scarce and too late to be consistent with movement selection or initiation (Anderson and Horak, 1985; Mink and Thach, 1991b; Turner and Anderson, 1997 ).
In the current study, our ability to accurately measure movement onset time was sometimes confounded by the unpredictable location of the tics. Tics often appeared in several closely located muscles (for example, the lower and the upper lips), or sometimes even distant areas (such as the upper lip and the shoulder). If by chance the EMG wires were not placed at the muscle initiating the tics, but rather on a muscle that was sequentially activated, our EMG detection signal was temporally shifted. We overcame this limitation by analyzing only the difference in timing of tic-related activations between different areas within the CBG loop. M1 was taken as the temporal reference point, since pre-tic M1 activation is likely to be directly related to movement initiation. This analysis revealed no evidence for tic-related activity in the BG motor output structure, the GPi, which preceded the M1 activation and might thus serve as a movement initiation signal. We found evidence for early tic-related activation of PANs in the putamen, but these findings might be confounded by the relatively small number of recorded neurons. Given that the striatum is classically considered to have no direct output projections to the thalamus or cortex (Szabo, 1967) , and the GPi is the main target of the motor territories of the putamen (Parent et al., 1984) , the nature and functional significance of early striatal activity is a matter for further study.
Conclusions
The primate bicuculline-induced model of motor tics establishes a direct link between focal disruption of GABAergic transmission in the striatum and the appearance of de novo motor tics, and is a valuable tool for studying the pathological neural mechanisms underlying tics. The current study suggests that the main BG output signal does not directly initiate the tics, but rather plays a key role in the regulation or maintenance of tics. Understanding the role of the CBG in motor tics has the potential to uncover novel intervention sites for the management of refractory tic disorders.
